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Solvent-free fluorination of organic compounds using N–F reagents
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Abstract—Efficient fluorination of 1,3-dicarbonyl compounds, enol acetates of aromatic ketones, and activated aromatic com-
pounds was achieved under solvent-free conditions using SelectfluorTM F–TEDA–BF4 or AccufluorTM NFSi.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Interest in fluorine-containing organic molecules has
been increasing since this element very often induces
beneficial changes in their specific physicochemical and
biological characteristics.1,2 The main problem in per-
forming selective and efficient fluorination of organic
compounds is connected with the low dissociation
energy of the fluorine–fluorine bond and the strength of
the fluorine–carbon bond. The solution to this problem
is focused on the development of special methodologies
for modulation of the extreme reactivity of molecular
fluorine (low temperature techniques3 and high dilution
with an inert gas,4 using strong acids as reaction media5

or, more recently, micro-reactor technology6), or in the
design of F–L type reagents, where ‘L’ represents the
ligand part of the fluorinating reagent. This second
concept has resulted in the development of a variety of
fluorinating reagents known under the common name
‘electrophilic fluorinating reagents’, consisting of three
main classes: fluoroxy compounds,7 xenon fluorides,8

and N–F reagents.9–11

In line with the concept and principles of green chemis-
try which emerged a decade ago,12 the suitability of safer
alternative reaction media in place of volatile or toxic
organic solvents is one of the major and still challenging
issues. Accepting this challenge in the field of organo-
fluorine chemistry, we have already shown that selective
and efficient fluorination of a variety of organic com-
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pounds could be performed in aqueous media using
F–TEDA–BF4,13 however, in the scope of green chemis-
try, the best solvent is regarded as ‘no solvent at all’.14

Fluorofunctionalization of organic compounds under
these conditions is a rather unexplored area. Research
has been mainly focused on solvent-free nucleophilic
fluorination, such as nucleophilic aromatic substitution
with KF in the presence of a phase transfer catalyst,15

regioselective and stereoselective opening of epoxides
by NBu4H2F3,16 or using electrochemical techniques
for fluorination of cyclic ethers and lactones.17 To our
knowledge it is still not clear whether solvent-free fluori-
nation using electrophilic fluorination reagents could be
efficiently and selectively performed, although Differ-
ding briefly noted fifteen years ago that neat anisole
(in 22-fold molar excess at 150 �C) and acetanilide (in
two-fold molar excess at 100 �C) were fluorinated using
NFSi.18 We now report our recent efforts in responding
to the challenging question of whether it is possible to
selectively and efficiently transform a C–H bond to a
C–F bond with electrophilic fluorinating reagents under
solvent-free conditions.

In the case of solvent-free reactions the aggregate state
of the substrates and reagents plays an important role
in molecular migration and thus has a significant influ-
ence on the transformation. Improved contact between
the reagent and substrate can be established in the case
of liquid–liquid and liquid–solid systems. We decided to
start our investigation with liquid b-keto esters and
selected representatives of each class of N–F reagents,
all solids. In a typical experiment a mixture of 1 mmol
of b-keto ester 2 or 4 and 1.1 mmol of N–F reagent 1
was heated in a 15 ml reaction flask at 85 �C for 4 h
and the crude reaction mixture obtained analysed. As
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Table 1. Fluorination of b-ketoesters with N–F reagents 1a under
solvent-free conditions
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Entry Substrate N–F (1) Time (h) Yieldb (%)

1 a: NFTh 4 Trace
2 b: FB-P300 4 Trace
3 2 c: F–TEDA–BF4 6 71 (76)
4 d: NFSi 1 89 (82)

5 a: NFTh 4 Trace
6 4 b: FB-P300 5 Trace
7 c: F–TEDA–BF4 5 82c (76)
8 d: NFSi 5 87c (81)

a Compounds 1a: AccufluorTM NFTh:11 1-fluoro-4-hydroxy-1,4-diazo-
niabicyclo [2.2.2]octane bis(tetrafluoroborate); 1b: FB-B3009: N-
fluoro-2,4,6-trimethylpyridinium tetrafluoroborate; 1c: SelectfluorTM

F–TEDA–BF4:11 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]-
octane bis(tetrafluoroborate); 1d: AccufluorTM NFSi: N-fluorobenzen-
sulfonimide.9

b Values in brackets are yields of pure products isolated by column
chromatography (SiO2; CH2Cl2–n-hexane = 1:9).

c 8–10% of 2,2-difluoro-3-oxo-3-phenylpropionic acid ethyl ester was
also formed.19
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shown in the Table 1, both ethyl 2-oxocyclopentane-
carboxylate 2 and 3-oxo-3-phenylpropionic acid ethyl
ester 4 were efficiently transformed under solvent-free
conditions to their corresponding fluoro derivatives,
that is, ethyl 1-fluoro-2-oxocyclopentanecarboxylate 3
and 2-fluoro-3-oxo-3-phenylpropionic acid ethyl ester
5, using SelectfluorTM F–TEDA–BF4 1c (entries 3 and
7) or AccufluorTM NFSi 1d (entries 4 and 8), while appli-
cation of AccufluorTM NFTh 1a ( entries 1 and 5) or FP-
B300 1b (entries 2 and 6) were unsuccessful leading to
only trace amounts of the corresponding fluorinated
products 3 or 5 in these cases.

Encouraged by these results we further investigated the
possibility of fluorination of 1,3-diketones under solvent-
free conditions and chose derivatives structurally
similar to the mentioned targets: that is, 2-acetylcyclo-
hexanone 6, which is a liquid, and solid 2-methyl-1,3-
cyclohexadione 8. We established that 6 was readily con-
verted after 4 h to 2-fluoro-2-acetylcyclohexanone 7 in
78% yield with 1.1 mmol of NFSi at 85 �C, while an even
more efficient transformation (87%) was obtained using
F–TEDA–BF4 (Scheme 1). On the other hand, the treat-
ment of 8 with dry NFSi at 85 �C caused a vigorous and
uncontrollable reaction, resulting in decomposition of
the materials, while F–TEDA–BF4 under the same con-
ditions gave the expected 2-fluoro-2-methyl-cyclo-
hexadione 9, but in only 27% yield. The addition of a
drop of water (25–30 mg) to a mixture of F–TEDA–
BF4 and 8 prior to heating considerably improved the
efficiency of the transformation and excellent conversion
to 9 was established. 1-Indanone, as a monocarbonyl
substrate, could not be directly fluorinated under
solvent-free conditions, but after its transformation to
acetyl-3H-indene 10 an almost quantitative conversion
to 2-fluoro-1-indanone 11 was achieved with both the
N–F reagents employed.

In order to check the possibility of formation of a C–F
bond under solvent-free conditions in aromatic com-
pounds, we chose 4-tert-butyl-phenol 12a as a model
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compound and established that by heating it at 85 �C for
4 hours with 1.1 mmol of NFSi, 2-fluoro-4-tert-butyl-
phenol 13a was formed in 55% of yield accompanied
with trace amounts of 4-fluorophenol and 2,6-difluoro-
4-tert-butyl phenol. Similar results were observed when
1-tert-butyl-4-ethoxybenzene 12b was treated under the
same reaction conditions to afford 1-tert-butyl-4-eth-
oxy-2-fluorobenzene 13b as the main product, accompa-
nied by a trace amount of 1-ethoxy-4-fluorobenzene.
The use of F–TEDA–BF4 in these two cases did not lead
to formation of any product. On the other hand, F–
TEDA–BF4 was found to be efficient in the case of
1,3-dimethoxybenzene 14 which was readily converted
into 4-fluoro-1,3-dimethoxybenzene 15 as the major
product, and 4,6-difluoro-1,3-dimethoxybenzene 16, as
the minor product, with a high overall yield. The same
mixture of products was also established when NFSi
was used under the same reaction conditions. Electro-
philic fluorination under solvent-free conditions was
also efficient in the case of 2-alkoxynaphthalene deriva-
tives. 2-Ethoxy-17a and 2-isopropyloxynaphthalene 17b
were converted with both N–F reagents at 85 �C into 1-
fluoro-alkoxynaphthalene derivatives 18 in reasonable
yield, while only trace amounts of 1,1-difluoro-2(1H)-
naphthalenone, the consequence of further fluorination,
were detected (Scheme 1).

In conclusion direct selective fluorination under solvent-
free conditions was successfully achieved using electro-
philic fluorinating reagents from the N–F class. The best
results were obtained by heating the organic compound,
liquid or solid, with F–TEDA–BF4 or NFSi, at 80–
90 �C. Solvent-free fluorination was efficiently and selec-
tively achieved on a variety of b-diketones, b-keto esters,
acetylated mono ketones, and various activated aro-
matic derivatives. Following our preliminary findings
it has thus been shown that transformation of a car-
bon–hydrogen bond into a carbon–fluorine bond could
also be selectively and efficiently achieved under solvent-
free conditions.
2. Typical experimental procedure for solvent-free
fluorination of organic compounds with N–F reagents

In the case of liquid substrates 1 mmol of target material
and 1.1 mmol of N–F reagent were homogenized in a
15 ml glass vessel using a glass stick and the mixture
heated at 85–90 �C for 1–8 h, while in the case of solid
target compounds the mixture of substrate and N–F re-
agent was triturated in a glass mortar for a minute, then
transferred to a glass vessel and heated. After routine
work-up procedures for NFSi9a or F–TEDA–BF4,20

the crude reaction mixtures were analyzed by 19F and
1H NMR spectroscopy using octafluoronaphthalene as
an internal standard.21 Pure products were isolated by
column chromatography.
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